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Abstract. This study compares the degree of brain amyloid-3 (AB) deposition, glucose metabolism, and grey matter volume
(GMV) reductions in mild cognitive impairment (MCI) patients overall and as a function of their parental history of dementia.
Ten MCI with maternal history (MH), 8 with paternal history (PH), and 24 with negative family history (NH) received !'C-PiB
and '®F-FDG PET and T1-MRI as part of the Alzheimer’s Disease Neuroimaging Initiative. Statistical parametric mapping,
voxel based morphometry, and Z-score mapping were used to compare biomarkers across MCI groups, and relative to 12 normal
controls. MCI had higher PiB retention, hypometabolism, and GMV reductions in Alzheimer-vulnerable regions compared to
controls. Biomarker abnormalities were more pronounced in MCI with MH than those with PH and NH. After partial volume
correction of PET, A load exceeded hypometabolism and atrophy with regard to the number of regions affected and magnitude
of impairment in those regions. Hypometabolism exceeded atrophy in all MCI groups and exceeded A3 load in medial temporal
and posterior cingulate regions of MCI MH. While all three biomarkers were abnormal in MCI compared to controls, A3
deposition was the most prominent abnormality, with MCI MH having the greatest degree of co-occurring hypometabolism.
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Alzheimer’s disease (AD) is an age-related neu-
rodegenerative disease and the most common form of
dementia. Many clinical studies indicate that by the
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time patients come in for diagnosis, the amount of irre-
versible brain damage that may have already occurred

ISSN 1387-2877/14/$27.50 © 2014 — IOS Press and the authors. All rights reserved


http://dx.doi.org/10.3233/JAD-121867

510 L. Mosconi et al. / Comparing the Degree of Brain Deficits in MCI

hinders treatment potential. Effective interventions, as
they become available, ideally would be implemented
in at risk individuals before symptoms occur.

Mild cognitive impairment (MCI) is characterized
by subjective memory impairment that can be objec-
tively verified, while activities of daily living are
preserved and the diagnostic criteria for dementia are
not fulfilled [1]. MCI, especially its amnestic type,
is considered as a prodrome for AD with an annual
conversion rate of 10 to 15% of MCI to AD versus
a rate of 1 to 2% in normal elderly [2]. Amnestic
MCI patients present with AD-specific patterns
of brain abnormalities relative to healthy controls.
These include increased brain fibrillar amyloid-f3
(AB) deposition on carbon-11-labelled (N-Methyl]2-
(4-methylaminophenyl)-6-hydroxybenzothiazole (.e.,
Pittsburgh compound B, PiB) positron emission tomo-
graphy (PET) [3-14], reduced glucose metabolism
on 2-['8F]fluoro-2-Deoxy-D-glucose (FDG)-PET
[15-20], and increased atrophy on magnetic res-
onance imaging (MRI) [18, 21-24]. The genetic
factors, if any, underlying these brain abnormalities
are currently unknown.

While rare genetic mutations have been identified
among the early-onset forms of AD, the genetics of the
more common forms of late-onset AD (LOAD), which
comprises 99% of the AD population after the age of
60, remain elusive. After advanced age, having a parent
affected by LOAD is the most significant risk factor for
developing the disease [25, 26], and genetically medi-
ated risk is evident from the familial aggregation of
many LOAD cases [27]. PET studies of cognitively
normal elderly with and without a first degree family
history of LOAD have shown that those with an AD-
affected mother have increased PiB uptake, reduced
glucose metabolism on FDG-PET, and increased atro-
phy compared to those with an AD-father and those
with negative family history [28-34]. As all of these
individuals were cognitively normal, the clinical con-
sequence of biomarker abnormalities remains unclear.
The only published biomarker study that investigated
the effects of having a family history in MCI used MRI
to show that MCI with maternal history of dementia
had smaller hippocampal volumes and greater 12-
month atrophy rates than MCI with negative maternal
history [35].

There are currently no studies that have compared
the degree of biomarker abnormalities in the same MCI
patients, and no studies that examined A3 or FDG-
PET measures in MCI as a function of their family
history of dementia or AD. The goal of the present
multi-modality study with brain PiB-PET, FDG-PET,

and MRI was to use voxel-based analysis techniques,
such as statistical parametric mapping, voxel-based
morphometry, and voxel-wise Z-score mapping, to
simultaneously examine and compare the degree of
fibrillar A deposition, glucose metabolism, and gray
matter volume reductions in MCI patients with and
without a parental history of dementia, and to test
whether there are parent-of-origin effects.

METHODS

Subjects

Data used in this study were obtained from the
Alzheimer’s disease Neuroimaging Initiative (ADNI)
database (http://adni.loni.ucla.edu/). ADNI is a lon-
gitudinal multisite study of normal elderly, amnestic
MCI, and AD subjects. MRI and clinical/psychometric
assessments are performed at least annually, and other
measures including FDG- and PiB-PET have been
acquired on a subset of subjects (see http://www.adni-
info.org/) [36]. This study focused on MCI patients.
Briefly, MCI subjects had Mini Mental State Exam
(MMSE) scores in the 24-30 range, a memory com-
plaint verified by an informant, objective memory
impairment on Wechsler Memory Scale/Logical Mem-
ory II test, and Clinical Dementia Rating (CDR)=0.5
with preservation of general cognition and func-
tional activities of daily living, and did not meet
criteria for AD [37-39] (http://adni.loni.ucla.edu/data-
samples/clinical-data/). Participants were 55-90 years
old at the time of enrollment. Subjects were excluded
if they refused or were unable to undergo MRI, had
other neurological disorders, active depression, or his-
tory of psychiatric diagnosis, alcohol, or substance
dependence, less than 6 years of education, or were not
fluent in English or Spanish. Other grounds for exclu-
sion were residence in a skilled nursing facility, use
of psychoactive medications other than certain antide-
pressants, warfarin, or investigational agents. Written
informed consent was obtained from all participants
according to Institutional Review Boards regulations
at each participating center.

In order to be included in this study, MCI patients
had to have MRI, PiB, and FDG scans acquired at the
same time point and complete family history infor-
mation. Subjects were stratified based on their family
history of dementia collected through self-report, and
only MCI with either maternal (MH) or paternal history
of dementia (PH) and controls with negative fam-
ily history (NH) were included in this study. Twelve
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cognitively normal (NL) elderly with NH, no memory
complaints, objective memory performance in the nor-
mal range, CDR=0 and MMSE 28-30 [37, 38], and
who retained a diagnosis of normal cognition for at
least 2 years after brain imaging were included as a
control group.

Brain imaging

Acquisition

A detailed description of FDG and PiB PET
acquisition is found at http://www.adni-info.org/. For
FDG-PET, a 30-min emission scan, consisting of six
5-min frames, was acquired starting 30 min after the
intravenous injection of 5mCi of 18F-FDG, as the
subjects, who were instructed to fast for at least 4h
prior to the scan, lay quietly in a dimly lit room
with their eyes open and with minimal sensory stim-
ulation. ''C-PiB with minimum 90% radiochemical
purity and minimum specific activity of 300 Ci/mmol
was synthesized as outlined by [40]. Subjects were
injected with 15mCi PiB. Scanning started 50 min
post-injection and lasted 20 min. Data were corrected
forradiation-attenuation and scatter using transmission
scans or X-ray CT, and reconstructed using reconstruc-
tion algorithms specified for each type of scanner [41]
(http://adni.loni.ucla.edu/data-samples/pet/).

Image processing

All image data was obtained from the ADNI data-
base at the highest level of pre-processing available.
For baseline T1 MRI images, this includes images
that are corrected for gradient non-linearity, B1 (coil)
non-uniformity correction, and histogram peak sharp-
ening  (http://adni.loni.ucla.edu/data-samples/mri/).
For PET scans, this includes the late uptake 30—-60 min
post injection summed FDG images and 50-70 min
summed PiB images, i.e., an average of co-registered
frames that are intensity normalized, resliced to
uniform voxel size of 1.5 x 1.5 x 1.5 mm and uniform
resolution based on scanner-specific smoothing
kernels to ensure an isotropic spatial resolution of
8 mm full-width-at-half-maximum (FWHM) [41]
(http://adni.loni.ucla.edu/data-samples/pet/).  Addi-
tionally, within the ADNI framework, PiB scans
for each subject are co-registered to the subject’s
first FDG-PET using the Normalized Mutual Infor-
mation (NMI) routine implemented in Statistical
Parametric Mapping (SPMS8) [42, 43]. Standardized
uptake value ratios (SUVR) are generated for PiB

scans by normalizing PiB uptake by cerebellar
grey matter uptake on a voxel wise basis [44]
(http://adni.loni.ucla.edu/methods/pet-analysis/).

After downloading, images underwent further
processing at our center. For each subject, the cor-
responding FDG-PET, PiB-PET, and MRI scan were
co-registered using NMI and SPMS. The resultant co-
registered MRI was partitioned into grey matter (GM),
white matter (WM), and cerebrospinal fluid (CSF)
segments and normalized to Montreal Neurological
Institute (MNI) space by high-dimensional warping
(DARTEL) with the standard template included in the
VBMS toolbox [42, 43]. The subject-specific transfor-
mation matrixes obtained from these operations were
applied to spatially normalize each MRI-coregistered
FDG and PiB scan (final voxel size 2 x 2 x 2mm).
Spatially normalized PET images were smoothed with
a 10mm FWHM gaussian filter and examined for
voxel-wise effects with SPM (see below).

FDG and PiB-PET scans were corrected for partial
volume effects (PVE) using a 3-segments voxel-by-
voxel method (GM versus WM versuss CSF) [45]
implemented in PMOD (version 3.2; PMOD Tech-
nologies Ltd. 2011). Regional atrophy may bias PET
measurements since age and disease-related atrophy
might lower the estimated metabolism and AP load
because of PVE, which are caused by the inclusion of
metabolically inactive CSF spaces and spillover from
WM [45, 46]. PVE-correction was performed to ascer-
tain whether a true reduction in glucose metabolism
and an increase in amyloid load per gram brain tissue
occur in MCI. PVE-corrected scans were coregis-
tered onto their respective MRI, spatially normalized
and smoothed using the same procedures as with raw
images.

Voxel-based morphometry (VBM) within the SPM8
suite [42, 43] was used to evaluate brain morphome-
try on MRI on a voxel-wise basis. A custom template
and tissue probability maps (TPMs) were created in
SPMB& using the T1-weighted 3D MRI scans from all
subjects in the study. The custom template and TPMs
were created by first normalizing and segmenting the
MRI scans using the unified segmentation model in
SPMB& with the standard MNI template and TPMs, fol-
lowed by a clean-up step which uses a hidden Markov
random field (HMRF) model to increase the accuracy
of the individual subject TPMs, and finally averag-
ing the normalized subject TPMs. All subject images
were then normalized and segmented using the unified
segmentation model and the custom TPMs, followed
by the HMRF clean-up step. Jacobian modulation
was applied to compensate for the effect of spatial
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normalization and to restore the original absolute grey
matter volumes (GMYV) in the segmented grey matter
images. These modulated images were then smoothed
with an 8-mm FWHM smoothing kernel. Additionally,
total GM, WM, CSF, and intracranial volumes (TIV)
were calculated in cubic centimeters using the normal-
ized tissue maps for each study subjects and separately
analyzed.

Statistical analysis

SPSS v.19 (SPPS Inc., 2011) and Statistical Para-
metric Mapping (SPM8) were used for statistical
analysis. Differences in clinical and demographical
measures between groups (NL versus MCI NH ver-
sus MCI PH versus MCI MH) were examined with the
General Linear Model (GLM) with post-hoc LSD tests
and x? tests, as appropriate.

Comparing biomarkers across groups

The following comparisons were performed: (a) all
MCI patients versus controls; (b) each MCI family his-
tory group versus controls; (c) each MCI family history
group against each other. A full factorial model with
four groups (NL versus MCINH versus MCI PH versus
MCI MH) was used to test for regional differences in
PiB, FDG, and GMV scans across groups using post-
hoc linear t-contrasts within the GLM framework of
SPMB8. Other possible risk factors for LOAD, such
as age, gender, education, and APOE genotype were
examined as covariates. Whole-brain FDG measure-
ments were computed using the spm_global routine and
used to normalize the scans for the individual variation
in whole-brain metabolism. This is a common proce-
dure to highlight regional hypometabolism which has
been previously used in similar study populations [32,
33]. Relative threshold masking was set at 80% of the
mean global value, on the basis that any voxel with
values in the bottom 20% of metabolic activity would
reflect WM and metabolically inactive CSF spaces.
This procedure restricts analysis to tracer uptake in
gray matter structures [47]. For PiB-PET analysis, as
a result of the cerebellar normalization of PiB data, no
proportional scaling or grand mean scaling was per-
formed. For VBM-MRI analysis, modulated outputted
GMV images are corrected for non-linear warping,
effectively globally scaling data for TIV. Therefore, no
proportional scaling or grand mean scaling was per-
formed. PVE-corrected FDG- and PiB-PET images
were compared across groups using the same proce-
dures as above.

Comparing biomarkers to each other

Spatially normalized MRI and PVE-corrected PET
images were used to create Z-score maps for each
patient against the 12 NL controls [Z = (patient individ-
ual value-control mean)/control standard deviation],
for each modality (see [48] for a similar approach).
The creation of Z-score maps offers a direct compar-
ison of the degree of AP load (PiB), hypometabolism
(FDG), and GMYV loss (MRI). Positive PiB Z scores
reflect increased AP load and negative FDG and
GMV Z scores reflect deficits relative to controls.
In order to compare Z maps from different modal-
ities in a manner where disease progression was
a positive value across modalities, FDG and GMV
Z score images were multiplied by (—1). Individ-
ual PiB, FDG, and GMV Z-score maps were then
examined in an SPM paired #-test analysis, with one
group and two Z score images per subject (PiB
versus FDG, PiB versus MRI, FDG versus MRI).
This analysis was performed first for the entire MCI
group, and then for each family history group (NH,
PH, MH). As Z scores are standardized values,
no proportional scaling or grand mean scaling was
performed. Both contrasts were assessed for each
modality comparison (for example, Z-FDG>Z-MRI
and Z-MRI>Z-FDG).

For all analyses, a GM mask including only vox-
els with probability of being GM >90% was used as
an explicit mask to analyze data exclusively within
the same GM voxels for all modalities [42, 43]. Since
the brain regions showing differences in MCI versus
controls, and in association with AD FH have been
previously identified by several studies [4-8, 10, 13,
15, 16, 19, 21, 23, 28, 30, 33, 35, 49, 50], results
were examined at p < (0.001, uncorrected for multiple
comparisons (cluster extent >20 voxels). Addition-
ally, in order to take into account group differences in
sample size (N), results were re-examined after adjust-
ing the p value according to the formula p’ =0.05/N
[31, 51-54]. This resulted in exploratory thresholds of
p' <0.002 for NH, p’ <0.005 for MH, and p’ < 0.006
for PH. Anatomical location of brain regions show-
ing significant effects was described using Talairach
and Tournoux coordinates, after conversion from the
MNI to the Talairach space using linear transforma-
tions [http://www.mrc-cbu.cam.ac.uk/Imaging/]. PiB,
FDG, and GMV measures, as well as Z score val-
ues, were sampled from clusters of voxels showing
significant effects using the SPM-compatible MarsBar
tool (release 0.43, http://marsbar.sourceforge.net/) for
descriptive purposes.
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RESULTS
Subjects

A total of 42 MCI patients fulfilled our inclusion
criteria, including 10 MH, 8 PH, and 24 NH. The par-
ents of 7/10 (70%) MH subjects and 5/8 (63%) PH
subjects had a specific diagnosis of AD. MCI fam-
ily history groups were comparable for age, gender,
education, MMSE, and APOE status (Table 1). As per
study design, NL controls were of similar demograph-
ical characteristics as MCI patients (Table 1).

PiB-PET differences across groups

Compared to NL controls, the entire MCI group
showed higher PiB retention, reflecting increased
amyloid load, in middle and lateral frontal, parietal,
temporal, posterior cingulate cortex (PCC), precuneus
and striatum, bilaterally, and to a lesser extent in
occipital cortex and thalamus (p<0.001; Fig. 1A).
Comparison of each MCI family history group to con-
trols showed no regions of increased PiB retention in
MCI NH, and increased PiB retention in PCC, pre-
cuneus, frontal, parietal, and temporal cortices of MCI
MH and PH groups (p <0.001, Fig. 1 A). PiB deposition
was more widespread in MH than in PH (Fig. 1A).

Direct comparison of MCI groups confirmed that
the MH group had increased PiB retention in PCC,
precuneus, and temporal cortex, bilaterally, compared
to NH, and in PCC and precuneus compared to PH
(p <0.001, Fig. 2). Quantitatively, PiB SUVRs were

31 £ 10% higher in MH relative to NH (range 18% in
PCC to 40% in temporal cortex) and 19% higher in
PCC of MH relative to PH. Additionally, at a sample
size-adjusted exploratory threshold of p’<0.005, the
MH group showed additional clusters of increased PiB
retention in superior temporal gyrus (BA 22, x=59,
y=-53, z=8, Ke=280 voxels, Z=2.5) and superior
parietal lobule (BA 7, x=31, y=—-60, z=45, Ke=65
voxels, Z=2.6, p’s=0.004) compared to NH (Fig. 2).
Statistical parametric maps showed mild PiB reten-
tion increases in parieto-temporal and frontal regions
of MH compared to PH, which did not reach statistical
significance (Fig. 2).

There were no differences between PH and NH
at p <0.001. At a sample size-adjusted exploratory
threshold of p’<0.006, PH showed increased PiB reten-
tion in precuneus (9%, BA 7, x=—18,y=—54,z =56,
Ke =85 voxels, Z=3.0, p’=0.004) compared to NH.
There were no clusters of increased PiB retention in PH
compared to MH at any probability threshold. Results
remained unchanged correcting for age, gender, edu-
cation, and APOE status.

PVE correction had the general effect of increasing
PiB retention in all MCI groups. After PVE correction,
the NH group still showed no differences compared
to NL, while MH and PH groups showed higher
PiB retention in AD-regions compared to NL and to
MCI NH (p<0.001, Supplementary Figure 1; avail-
able online: http://www.j-alz.com/issues/35/vol35-
3.html#supplementarydata01). Although PiB retention
appeared to be more extensive in MCI MH than PH
(Supplementary Figure 1), the differences did not reach

Table 1
Clinical and MRI volume measures in MCI patients as a function of their family history of dementia and cognitively normal (NL)
controls
NL MCI

NH PH MH
n 12 24 8 10
Age (y) 76+5 76(8) 72(10) 72(7)
Gender (female/male, % female) 3/9 (25%) 8/16 (33%) 2/6 (25%) 5/5 (50%)
Education (y) 16(3) 16(2) 17(2) 15(3)
Mini Mental State Examination 29(1) 27(2) 27(3) 28(2)
APOE (&4 non-carriers/carriers, % carriers) 9/3 (25%) 12/12 (50%) 2/6 (75%) 4/6 (60%)

MRI measures (cm?)

Grey matter volume 532(60) 514(78) 544(88) 527(42)
Covariate adjusted 537(52) 522(72) 539(73) 514(72)
White matter volume 598(50) 583(74) 622(99) 563(57)
Covariate adjusted 599(42) 583(79) 623(80) 562(80)
Cerebrospinal fluid volume 276(34) 306(46) 301(39) 282(37)
Covariate adjusted 274(30) 301(40) 306(40) 291(40)
Total intracranial volume 1406(125) 1404(152) 1468(198) 1371(114)
Covariate adjusted 1410(136) 1405(162) 1469(165) 1366(134)

Values are mean (standard deviation). Covariate-adjusted values are in Italic (covariates are age, gender, education, and APOE

status). MH, maternal history of dementia; NH, negative history of dementia; PH, paternal history of dementia.
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Fig. 1. Brainregions showing differences in brain biomarkers between normal controls and MCI family history groups. A) Brain regions showing
differences in brain fibrillar amyloid load on PiB-PET. First row: Increased PiB retention in the entire MCI group compared to controls. Second
row: Increased PiB retention in MCI with negative family history of dementia (NH) compared to controls. Third row: Increased PiB retention
in MCI with a paternal history of dementia (PH) compared to controls. Bottom row: Increased PiB retention in MCI with a maternal history
of dementia (MH) compared to controls. B) Brain regions showing differences in brain glucose metabolism on FDG-PET. First row: Reduced
metabolism in the entire MCI group compared to controls. Second row: Reduced metabolism in MCI NH compared to controls. Third row:
Reduced metabolism in MCI PH compared to controls. Bottom row: Reduced metabolism in MCI MH compared to controls. C) Brain regions
showing differences in brain grey matter volumes (GMV) on MRI. First row: Reduced GMYV in the entire MCI group compared to controls.
Second row: Reduced GMV in MCI NH compared to controls. Third row: Reduced GMV in MCI PH compared to controls. Bottom row: Reduced
GMYV in MCI MH compared to controls. Statistical parametric maps indicating regions of (A) increased PiB retention, reflecting higher amyloid
load, (B) reduced FDG-PET uptake, reflecting reduced brain glucose metabolism, and (C) reduced GMYV, reflecting increased brain tissue loss
(i.e., atrophy) are represented on different color coded scales and superimposed onto a spatially normalized MRI template image.
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statistical significance, with or without correcting for
the same covariates as above.

FDG-PET differences across groups

Compared to NL controls, the entire MCI group
showed reduced FDG uptake, reflecting reduced brain
glucose metabolism, in PCC, precuneus, parietal,
medial, and lateral temporal cortex, medial, lateral, and
orbitofrontal regions, bilaterally (p <0.001; Fig. 1B).
When each MCI group was compared to controls,
FDG uptake reductions were more widespread and
pronounced in MH than in PH and NH (Fig. 1B).

Direct comparison of MCI groups confirmed this
effect (Fig. 2). The MH group had reduced metabolism
in inferior parietal lobule and middle frontal cor-
tex compared to NH (15% and 17%, respectively)
and in superior temporal cortex compared to PH
(9%, p<0.001). At a size-adjusted threshold of
p'<0.005, the MH group showed additional regional
hypometabolism in frontal lobe (9% BA 25, x=11,
y=28, z=—12, Ke=66, Z=2.6, p=0.004) and
PCC/precuneus (10% BA31,x=—14,y=—-57,2=29,
Ke=364, Z=2.5, p=0.005) compared to NH, and
in precuneus compared to PH (10% BA 7, x=21,
y=-54, z=57, Ke=111, Z=2.4, p=0.005). There
were no differences between PH and NH, and no
regions showing metabolic reductions in PH compared
to MH, at any probability threshold. Results remained
substantially unchanged correcting for age, gender,
education, and APOE status.

PVE correction had the general effect of increas-
ing metabolic values in all MCI groups, which left
group differences largely unchanged in terms of the
regional distribution of hypometabolism (p <0.001,
Supplementary Figure 2).

Grey matter volume differences across groups

On VBM analysis, the entire MCI group showed
reduced GMYV, reflecting increased atrophy, in medial
temporal lobe regions, including hippocampus and
parahippocampal gyrus, bilaterally, and in prefrontal
cortex compared to NL controls (p <0.001; Fig. 1C).
GMV reductions were overall comparable across MCI
family history groups compared to NL (Fig. 1C),
and there were no differences across MCI groups
at p<0.001. At a sample size-adjusted exploratory
threshold of p’<0.005, MH showed reduced GMV
compared to NH in the left precuneus (BA 7, x=-2,
y=-179, z=40, Ke=41, Z=3.1, p=0.002, Fig. 2).
There were no regions showing GMV differences

between MH and PH, or PH and NH, at any probability
threshold.

There were no group differences for total GM, WM,
and CSF volumes obtained by VBM processing, with
and without controlling for age, gender, education, and
APOE status (Table 1).

Comparisons between modalities

PiB versus FDG-PET

Comparison of PVE-corrected PiB and FDG-
PET Z-scores showed significant differences for
both contrasts, i.e., Af load > hypometabolism
and hypometabolism > AP load. Across all MCI
subjects, the degree of AP load exceeded that of
hypometabolism in precuneus, posterior and anterior
cingulate cortex, parietal, frontal, orbitofrontal and
occipital cortex, and striatum, bilaterally (p <0.001,
Fig. 3). This effect was observed in all family
history groups, and was more pronounced in MH
(mean Z score: PiB=-2.6 versus FDG =—0.5) and
PH (PiB=-2.8 versus FDG=-0.2) than in NH
(PiB =—1.7 versus FDG = —0.5, p’s <0.05; Fig. 3).

The degree of hypometabolism exceeded that of
A load in medial and lateral temporal cortex, bilat-
erally, in the entire MCI sample (p <0.001, Fig. 3).
This effect was more pronounced in MH (mean
Z score: FDG=—-2.5 versus PiB=—0.5) compared
to PH (FDG=—-1.6 versus PiB=—-0.4) and to NH
(FDG=—1.9 versus PiB=-0.3, p’s<0.05; Fig. 3).
Voxel-wise examination of each family history group
confirmed that the above effect was largely driven by
the MH group, in which hypometabolism exceeded A3
load in medial and lateral temporal cortices as well as
precuneus (p < 0.001).

PiB versus MRI

Comparison of PVE-corrected PiB-PET and GMV-
MRI Z-score images showed significant differences for
the AP load > atrophy contrast only. Across all MCI
subjects, the degree of amyloid load exceeded that of
GMV loss (i.e., atrophy) in precuneus, PCC, parietal
and temporal cortex, bilaterally (p<0.001; Fig. 3).
This effect was observed in all family history groups,
and was more pronounced in MH (mean Z score:
PiB = —2.4 versus GMV =—0.7) and PH (PiB=-2.5
versus GMV = —1.05) than in NH (PiB = —1.7 versus
GMV =-1.0, p’s<0.05; Fig. 3).

FDG-PET versus MRI
Comparison of PVE-corrected FDG-PET and
GMV-MRI Z-score images showed significant
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Fig. 2. Brain regions showing biomarkers differences across MCI family history groups. Top panel: Fibrillar amyloid load on PiB-PET: a)
Increased PiB retention, reflecting higher amyloid load, in MCI MH compared to NH; b) Increased PiB retention in MCI MH compared to
PH; c) Increased PiB retention in MCI PH compared to NH. Middle panel: Brain glucose metabolism on FDG-PET: a) Reduced FDG uptake,
reflecting reduced glucose metabolism, in MCI MH compared to NH; b) Reduced metabolism in MCI MH compared to PH; ¢) Reduced
metabolism in MCI PH compared to NH (no clusters reached statistical significance). Bottom panel: Grey matter volumes (GMV) on MRI: a)
Reduced GMYV, reflecting increasing brain tissue loss (i.e., atrophy) in MCI MH compared to NH; b) Reduced GMV in MCI MH compared to
PH (no clusters reached statistical significance); ¢) Reduced GMV in MCI PH compared to NH (no clusters reached statistical significance).
Statistical parametric maps indicating regional biomarkers abnormalities are represented on a color coded scale and superimposed onto a spatially

normalized MRI template image. Abbreviations: see legend to Figure 1.

differences for the hypometabolism > atrophy con-
trast only. Across all MCI subjects, the degree of
hypometabolism exceeded that of GMV loss in
precuneus, PCC, medial temporal lobes, bilaterally,
and inferior temporal cortex of the left hemisphere

(p<0.001; Fig. 3). This effect was observed in all fam-
ily history groups, and was more pronounced in MH
(mean Z score: FDG = —2.3 versus GMV = —0.6) than
in PH (FDG = —1.6 versus GMV = —1.04) and in NH
(FDG = —1.8 versus GMV = —1.1, p’s<0.05; Fig. 3).
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DISCUSSION

This multi-modality brain PiB-PET, FDG-PET, and
MRI imaging study was aimed at characterizing the
distribution and comparing the degree of amyloido-
sis, hypometabolism, and GMV loss (i.e., atrophy) in
MCI patients, and as a function of their parental his-
tory of dementia. To our knowledge, this is the first
report of parental history affecting amyloid deposi-
tion and hypometabolism in MCI, and of differences in
the degree of amyloidosis, hypometabolism, and GMV
loss in MCI patients using either a regions of interest or
voxel-wise quantitative comparisons. Our results show
that amyloid load exceeds hypometabolism and atro-
phy in several AD-vulnerable regions of MCI patients,
including frontal, parietal, PCC, temporal and occipi-
tal cortices, precuneus, and striatum. PiB retention in
these regions is consistent with the known distribu-
tion of AP plaques observed at postmortem [55, 56].
Additionally, hypometabolism exceeded amyloidosis
in MTL, and exceeded atrophy in precuneus, PCC,
MTL, and inferior temporal regions. These effects
were largely driven by the MCI MH group and were
absent or less pronounced in MCI PH and NH groups.
There were no regions in which atrophy exceeded amy-
oid load or hypometabolism.

These results lend support to the hypothetical
model of dynamic biomarkers of the AD pathological
cascade proposed by Jack et al. [23]. Currently avail-
able evidence supports the position that an abnormal
processing of AP peptide, ultimately leading to for-
mation of AP plaques in the brain, is the initiating
eventin AD [57]. After alag period, which varies from
patient to patient, AR deposition would plateau and
neuronal dysfunction and neurodegeneration become
the dominant pathological processes, with FDG-PET
changes preceding MRI changes. Only a few prior
studies have tackled the question of which biomarker
abnormality is more prominent in AD by comparing
FDG-PET to MRI. Results showed that the degree
of hypometabolism exceeded that of atrophy in MCI
and AD patients [18, 21, 48] as well as in pre-
symptomatic, autosomal dominant mutation carriers
[58]. Our findings in MCI support these observa-
tions and provide further insights into the possible
ordering of pathophysiological events by showing
that AP deposition exceeds, and therefore possibly
precedes, FDG-PET and MRI changes. However, a
temporal relationship between biomarkers cannot be
reliably determined based on cross-sectional find-
ings. Longitudinal studies are needed to ascertain
the dynamic relationship between A deposition,

neuronal dysfunction, and loss during the progression
to AD.

While AB deposition, metabolic impairment, and
tissue loss are likely co-occurring phenomena in AD,
discrepancies in timing and regional distribution are
to be expected, especially in early disease. PiB reten-
tion co-localizes with A3 plaques [10] and volume loss
on MRI reflects local neuronal loss and death [59],
while FDG uptake reflects local glucose consumption
and synaptic functioning, and is therefore influenced
by various factors, including reduced synaptic activ-
ity [60], neuronal disruption by AP oligomers and
plaques [57], and disconnection between histopatho-
logically affected regions and functionally associated
areas [61, 62]. Our results confirmed the previously
reported dissociation between AP accumulation and
neurodegeneration in MTL [7, 9, 10, 44, 63, 64] as
MCI patients, particularly those with MH, showed
MTL hypometabolism and atrophy in absence of co-
localized PiB retention. This data further indicates that
local AP toxicity may not be the only determinant of
neuronal dysfunction in early AD, and is consistent
with reports of differential susceptibility to AR among
different brain regions [5, 23, 65].

Our results revealed parent-gender effects on
biomarkers abnormalities in MCI. On PiB-PET, both
MCI MH and PH groups showed increased A3 depo-
sition compared to NL controls, whereas MCI NH
showed no regions of increased A3 deposition. Addi-
tionally, the MH group showed higher AR load than
PH, and hypometabolism on FDG-PET compared to
NL controls as well as to MCI PH and NH. There
were no GMV differences across MCI groups on MRI.
These findings have several implications.

First, the fact that MCI MH and PH patients of sim-
ilar demographical characteristics show comparable
levels of increased A3 load indicates that having a first
degree family history of dementia may predispose indi-
viduals to increased amyloid deposition, reflecting the
known increased clinical risk [25-27] and irrespective
of which parent is affected. First-degree relatives of
affected probands, especially children, are at 4- to 10-
fold higher risk for developing dementia as compared
to those without [26, 66—68]. The observation that NH
MCI did not show significant PiB abnormalities com-
pared to controls supports epidemiological evidence
of lower risk for AD. As not all MCI patients progress
to an AD diagnosis, our study suggests that MCI NH
may represent a sub-group of MCI with lower chance
of having AD, and who may therefore be more likely
to remain clinically stable over time compared to the
other groups.
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Second, only MCI MH showed significant
hypometabolism compared to NL subjects. The
degree to which hypometabolism exceeded that of
amyloid load was also greater in MCI MH than in
MCI NH and PH. Histology studies have shown
that among individuals with A pathology, those
with accompanying neuronal dysfunction are more
likely to develop dementia in life than those without
[69, 70].Presence of neurodegeneration, rather than
pathology, is best associated with clinical disabilities
in AD [71], and measures of brain atrophy and glucose
metabolism are more tightly correlated with cognitive
performance than the PiB signal [5, 9, 23, 63, 64,
72-74]. Individuals harboring AR burden and neu-
ronal dysfunction are thus at conceivably higher risk
for AD-dementia than those showing A pathology
alone [23, 75]. Evidence of co-occurring amyloidosis,
hypometabolism, and GMV loss suggests greater risk
of decline in MCI MH relative to MCI PH. Epidemio-
logical studies have shown that maternal transmission
of AD is associated with higher risk of developing the
disease, poorer cognitive performance, and a more
predictable age at onset in the offspring relative to
paternal transmission [27, 76-79]. Previous PiB- and
FDG-PET studies in NL elderly showed that those
with MH had amyloidosis and hypometabolism in the
same brain regions as clinical AD patients compared
to NL PH and controls, while NL PH showed milder
AP deposits than MH as compared to controls and no
metabolic deficits [30-33]. Our multi-modality results
extend to the MCI stage previously reported single
modality findings of an association between maternal
history and biomarker alterations at the normal stages
of cognition, and support the hypothesis that paternal
transmission may be associated with lower biological
risk [28-30, 33-35, 80, 81]. Altogether, these data
indicate that clinical deterioration does not outweigh
the effect of MH, as PiB and FDG-PET abnormalities
are present in NL as well as in MCI individuals with
MH, and to a lesser extent in those with PH [30, 32,
33]. Third, the presence of both AP pathology and
hypometabolism in MCI MH indicates that these
brain abnormalities developed at younger ages in
these subjects. The temporal and causal relationship
between AP and glucose dysmetabolism remains to
be established. Nonetheless, with all that is known
about the mechanisms involved in glucose utilization
and maternal inheritance, evidence for early oxidative
dysmetabolism in MH suggests transmission through
mitochondrial genes, which are entirely maternally
inherited in humans and whose expression is known
to affect AB production in AD (for review, see [27,

82]). Metabolic abnormalities in MH may be an
early, maternally inherited abnormality that increases
vulnerability to AP pathology during the aging
process. Alternatively, they may be secondary to
the toxic effects of AR [57]. Larger samples and
longitudinal examinations are necessary to determine
whether observed biomarker abnormalities in our
MCI patients with family history are predictive of
future dementia, to clarify the temporal relationship
between biomarkers, and the age at which biomarker
changes occur.

MRI studies in NL elderly using VBM techniques
reported cortical as well as medial temporal atro-
phy in NL individuals with MH compared to PH
and controls [28, 29, 49]. The present study with
VBM showed reduced MTL GMYV, encompassing the
hippocampal region, in all MCI groups, but no differ-
ences across family history groups. These data further
suggest that atrophic changes may follow amyloid
deposition and hypometabolism, and group differences
may become significant at later stages of disease pro-
gression. However, a longitudinal MRI study using
sophisticated automated hippocampal segmentation
and radial distance mapping techniques showed that
MCI with positive MH had smaller hippocampal vol-
umes at baseline, and greater 12-month atrophy rates
as compared to MCI with negative MH of dementia
[35]. The VBM approach performs voxel-wise exam-
inations and as such does not focus on a specific
region of interest [42, 43]. It is possible that more
accurate delineation of the hippocampus, rather than
whole-brain voxel-wise analysis, might have led to dif-
ferent results. Alternatively, a larger sample may be
needed to detect structural differences between MCI
groups. Andrawis et al. [35] examined 72 MCI with
MH and 26 without MH. Our sample was substantially
smaller, as we were limited by the need to examine
MCI patients with MRI as well as PiB- and FDG-
PET. Nonetheless, PiB and FDG differences between
groups reached statistical significance, supporting the
view that alterations in these biomarkers might be more
prevalent than GMV changes in MCI. Additionally,
an interaction between maternal history and APOE &4
genotype on MRI measures was previously observed
in MCI [35]. Due to the small sample of patients in
this study (Table 1), we could not test for interactions
between family history and APOE status or for corre-
lations between imaging measures and the dose of ¢4
allele, as only four subjects were €4/e4 carriers, includ-
ing two MCI NH, one MCI PH, and one MCI MH.
Other studies are warranted to address this important
topic.
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In ADNI, parental history of dementia is provided
by self-report. We chose to use the parental history
of dementia variable as opposed to the parental his-
tory of AD variable as in some cases the etiology of
parental dementia was not recorded. The parents of
12/18 MCI with positive family history had a diagno-
sis of AD, including 7/10 MH and 5/8 PH. As a similar
proportion of MH and PH patients had AD-parents,
biomarker differences are unlikely to be driven by one
group including more individuals with non-AD demen-
tia than the other. While limited by the small sample,
we examined brain imaging measures in MCI patients
with a parental history of AD, and found a strong over-
lap with the remaining MCI for all biomarkers (data
available upon request). Additionally, family history
questionnaires are known to have good agreement with
clinical and neuropathological findings [83]. AD is the
most common dementia etiology and is found in about
3/4 dementia cases at postmortem [23]. Nonetheless,
our cohort might include patients whose parents had
non-AD dementia, such as vascular dementia, Lewy
bodies, or frontotemporal dementia. This would lead
to inclusion of subjects with lower risk for AD in the
family history groups, conservatively reducing power
in detecting group differences. As only a portion of
MCI patients have underlying AD as the cause of their
cognitive impairment, it remains to be determined if
MCI MH are more likely to progress to AD than MCI
with other family history.

While our sample was too small to include an ade-
quate number of decliners to AD to make this topic
a main analysis of our study, all MCI patients had
follow-up exams 12 months after the imaging proce-
dures. A total of 14/42 MCI declined to AD 12 months
after baseline. These included 4/10 (40%) MCI FHm
and 3/8 (38%) MCI FHp, as compared to 7/24 (29%)
MCI FH-. One MCI FH- reverted back to a NL diag-
nosis. While these differences did not reach statistical
significance, possibly due to the small samples, these
data suggest that having a positive family history may
be associated with a higher likelihood of developing
AD as compared to having no family history in MCI
patients. Our cross-sectional study indicates that MCI
with positive family history show more severe PiB and
FDG-PET abnormalities than those without, thereby
indicating greater vulnerability to AD and possibly, a
higher risk of decline. Other studies with larger sam-
ples and longer follow ups are needed to specifically
examine the rate of decline in MCI as a function of
their family history, and to compare imaging measures
between decliners and non-decliners as a function of
their family history.

Information on AD neuropathology and CSF mark-
ers would also be of great interest. The ADNI database
includes measures of CSF A3 and tau proteins for a
sub-set of participants. Of the 54 subjects included in
our study, CSF data was available for a total of 22
cases (40%), including four NL controls, ten MCI NH,
four MCI PH, and two MCI MH. As only less than
half of our subjects had CSF measures at the same
time point as the PET scans, and the majority of those
individuals have negative family history, we did not
include CSF data in the present paper. Our goal was to
compare PiB, FDG, and MRI measures in MCI with
and without a family history of dementia. Other stud-
ies with larger samples are warranted to examine CSF
measures together with PET and MRI imaging with
respect to MCI patients’ family history status.

In the present study, results were examined using
voxel-based methods and probability thresholds uncor-
rected for multiple comparisons. This was due to
the fact that, first, we had strong regional a priori
hypothesis as to which brain areas would show differ-
ences between groups. Uncorrected p thresholds are
appropriate when examination of voxel-wise results
is limited to a predefined set of regions of interest,
whereas correction for multiple comparisons is nec-
essary when there is no a priori hypothesis on which
brain regions would show effects of interest, and thus,
the goal is to minimize false positives. Additionally,
correction for multiple comparisons would have been
over-conservative with the small samples included in
this study (10MH and 8PH). Results were exam-
ined using uncorrected p values, using two procedures.
First, results were examined at p<0.001, and then
re-examined at a size-adjusted probability value to test
whether lack of significant effects in the smallest group
was a biological, rather than statistical, phenomenon.
Only the MH group showed significant abnormali-
ties at p<0.001. At a size-adjusted p value, the PH
group showed clusters of increased PiB retention com-
pared to NH MCI, which supports the view that
paternal transmission is also associated with amyloid
deposition, albeit to a lesser degree than maternal trans-
mission. While this procedure can only be regarded
as descriptive, we offer that using both procedures
would give a clearer picture of brain abnormalities
across relatively small groups. The use of an adjusted
p threshold may not fully protect against results due
to chance, but it may be more suitable for clinical
research with relatively small samples of patients than
the more conservative p < 0.001 [52]. This type of more
liberal threshold has been previously applied to resting-
state imaging studies by several groups [31, 51-54].



L. Mosconi et al. / Comparing the Degree of Brain Deficits in MCI 521

Alternatively, it has been argued that attempts at adjust-
ing for significance threshold by dividing by sample
size may either unfairly penalize large samples or
unfairly benefit small samples [84]. Should this be
the case, our results would further indicate that mater-
nal transmission of LOAD is strongly associated with
brain abnormalities at the MCI stage of AD, whereas
paternal transmission is not. Studies with larger sam-
ples are needed to validate present findings.

We caution that the MCI population selected in our
study represents a group with a high a priori risk of
AD, results were made with small numbers of subjects
under controlled clinical conditions, and our observa-
tions are restricted to MCI with and without a family
history of dementia. Replication of these preliminary
research findings in community-based populations is
warranted and clinical application is not justified. Nev-
ertheless, we believe that present multi-modality PET
and MRI results are plausible and promising, and set
the stage for further studies of MCI at increased risk for
AD with longitudinal follow-ups and larger samples.
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